Abstract Plant oil content and composition improvement is a major goal of plant breeding and biotechnology. The Puroindoline a and b (PINA and PINB) proteins together control whether wheat seeds are soft or hard textured and share a similar structure to that of plant non-specific lipidtransfer proteins. Here we transformed corn (Zea mays L.) with the wheat (Triticum aestivum L.) puroindoline genes (Pina and Pinb) to assess their effects upon seed oil content and quality. Pina and Pinb coding sequences were introduced into corn under the control of a corn Ubiquitin promoter. Three Pina/Pinb expression positive transgenic events were evaluated over two growing seasons. The results showed that Pin expression increased germ size significantly without negatively impacting seed size. Germ yield increased 33.8% while total seed oil content was increased by 25.23%. Seed oil content increases were primarily the result of increased germ size. This work indicates that higher oil content corn hybrids having increased food or feed value could be produced via puroindoline expression.
Introduction
Plant oil is an important renewable resource for both edible and industrial uses. An increase in seed oil content is a major goal of plant breeding and biotechnology (reviewed in Jaworski and Cahoon 2003) . Maize or corn (Zea mays L.) oil is the main co-product of corn wet and dry milling, and contains a high concentration of essential, polyunsaturated fatty acids, which make it an excellent source of energy and essential fatty acids for food and feed uses (Weber 1987) . High oil corn is particularly attractive as a feed, due to its high metabolizable energy (Alexander 1988a) . Increases in corn seed oil content are possible by traditional breeding. There are several examples of high oil corn populations developed through recurrent selection (Laurie et al. 2004; Alexander 1988b) . However, commercial high-oil corn hybrids are associated with reduced seed size and agronomic yield (Dudley and Lambert. 2004 ). Many researchers have attempted to identify quantitative trait loci (QTLs) for oil content or quality to increase or modify plant oil content via manipulation of various oil biosynthetic pathway genes (Poneleit and Alexander 1965; Alrefai et al. 1995; Song et al. 2004; Beló et al. 2008; Zheng et al. 2008) . For example, Zheng et al. (2008) identified a major oil QTL and demonstrated that increasing acyl-CoA:diacylglycerol acyltransferase (DGAT) during corn seed development can achieve relative increases in oil of approximately 40%. The synthesis of storage oils requires the coordinated activity of many enzymes in the lipid biosynthetic pathway. Despite a good understanding of the genes involved, there has been little success at transgenically increasing seed oil content (Clemente and Cahoon 2009 ). An alternative to modifying the lipid biosynthetic pathway is to modify the expression of lipid binding proteins. Genes whose products physically interact with lipids may be able to increase seed lipid content by decreasing the level of lipid breakdown.
Puroindoline a and b (PINA and PINB, collectively termed PINs) together make up the functional components of the wheat grain hardness locus (Ha) and control whether wheat seeds are soft or hard textured Morris 1998, Wanjugi et al. 2007 ). They share a similar structure to that of non-specific lipid-transfer proteins (ns-LTPs) (Giroux and Morris 1997; Marion et al. 1994; Le Bihan et al. 1996; Douliez et al. 2000) . Both PINs contain a backbone of 10 Cys residues and likely form a tertiary structure comprised of four a-helices separated by loops and stabilized by five disulphide bridges (reviewed in Bhave and Morris 2008) . The unique tryptophan-rich domain found in PINs has been demonstrated to have lipidbinding properties (Kooijman et al. 1997) and is the likely active site in terms of PIN function (Feiz et al. 2009a ). This motif is believed to be a non-stick agent that enables PINs to bind to starch granule surface lipids preventing adhesion between starch granules and the surrounding protein matrix during seed maturation Giroux and Morris 1998) . Significant quantitative differences exist in seed polar lipid (glyco-and phospho-lipids) content between wheats varying in PIN content (Greenblatt et al. 1995; Feiz et al. 2009b , Finnie et al. 2010 .
Plant lipids are generally stored as triacylglycerols (TAGs) in oil bodies (Huang 1992) . Only a limited number of proteins are specifically associated with plant seed lipid bodies (reviewed in Purkrtova et al. 2008 ). Oleosins are the major proteins associated with oil bodies and maintain oil bodies as small single units preventing their coalescence during seed desiccation (Leprince et al. 1997) . Siloto et al. (2006) observed that oleosins are important factors in determining seed oil body size in Arabidopsis. Both PINs and oleosins have lipid-binding properties. However, while oleosins are integral to oil bodies, PINs are normally only associated with the surface of starch granules (Capparelli et al. 2005; Feiz et al. 2009b; Wall et al. 2010 ).
Here we tested whether the ectopic expression of Pins can improve corn seed oil content. Puroindolines are endosperm specific and are found only in the Triticeae (Gautier et al. 2000) .Corn does not express PINs or even contain Pin homologues (Gautier et al. 2000) . Therefore, both Pina and Pinb coding sequences were introduced into corn under the control of a corn Ubiquitin promoter, and the effect of PINs on seed composition and oil content was studied.
Materials and methods

Plasmid constructs
The Pina and Pinb expression vectors, pUbiPina and pUbiPinb, were described in Krishnamurthy and Giroux (2001) . They carry the Pina-D1a/Pinb-D1a alleles reported by Gautier et al. (1994) that are found in all soft hexaploid wheats (Morris et al. 2001) . In short, PCR products containing the coding sequences of Pina or Pinb were digested with BamHI and ligated into BamHI-digested and phosphatase treated pAHC17 plasmid (Christensen and Quail 1996) , downstream of the corn Ubiquitin promoter and intron. All resultant plasmids were sequenced to ensure correct orientation and fidelity of ligation junctions. The construct pBAR184 used for selection (Frame et al. 2000) contains the corn Ubiquitin promoter-Bar gene cassette as a selectable marker conferring resistance to the herbicides bialaphos (4-[hydroxy(methyl-)phosphinoyl]-L-homoalanyl-L-alanyl-L-alanine) and glufosinate (DL-homoalanin-4-yl(methyl) phosphinic acid).
Corn transformation
Corn transformation was conducted in the Iowa State University Plant Transformation Facility according to their standard protocols (Frame et al. 2000) . Highly embryogenic corn line Hi-II was used in biolistic transformation. Hi-II is a hybrid of the inbred lines A188 and B73. Embryogenic calli generated from immature embryos of the Hi-II genotype were co-bombarded with the plasmids using a 1:2.5:2.5 M ratio (pBAR184:pUbiPina:pUbiPinb). Bialaphos-resistant calli were screened by PCR for the Pina and Pinb coding sequences using gene specific primers (Table 1) . The method for screening of the transgenic positive and negative lines of each event was described in Zhang et al. (2009) . Herbicide-resistant Pina/ Pinb PCR positive T 0 lines were pollinated using inbred line B73. Herbicide-resistance of T 0 and all subsequent progeny plants was tested by painting an individual leaf with 0.1% glufosinate ammonium (Zhang et al. 2009 ). Herbicide-resistant T 1 plants were heterozygous for the transgene locus and were self-pollinated to produce T 2 progeny. Individual T 2 plants from each transformation event were tested for both Pin genes as well as for the presence of Bar. T 2 plants giving progeny (T 3 plants) in which more than 12 consecutive sprayed plants were herbicide resistant and Pina/Pinb PCR positive were considered homozygous positive for Bar and Pina/Pinb, and T 2 plants having progeny where more than 5 consecutive sprayed plants were herbicide susceptible and Pina/Pinb PCR negative were considered homozygous negative for Bar and Pina/Pinb. T 0 and T 1 plants were planted in a Montana State University greenhouse. T 2 and T 3 plants were planted both in the greenhouse at Montana State University and in the field at the University of Florida in 2007. T 4 plants were planted in the field at the University of Florida in 2008. Each line was planted in two rows and each row had 15 plants with between row spacing of 90 cm and within row spacing of 30 cm. Ears from individual self pollinated plants were harvested, dried for 3 days at 37°C in a forced air incubator, and then maintained at room temperature and ambient humidity (30%). The moisture content of all seeds at the time analyses were performed was *10%. The same seed source was used for all the seed quality analysis including kernel weight, starch and protein content, germ yield and oil content. All values represent three independently-derived homozygous positive or negative T 3 lines in 2007 and T 4 lines in 2008 for each event.
Seeds from three ears within the same line were pooled.
Southern blot and Northern blot analysis
Southern-blot analysis was performed using DNA extracted from young leaf tissue of homozygous transgene positive T 3 transgenic lines as previously described (Zhang et al. 2009 ). Genomic DNA was isolated from young leaves according to Riede and Anderson (1996) , and Southern blots performed as as previously described (Zhang et al. 2009 ). The P 32 -labeled probes were made using the coding sequence of wheat Pina or Pinb as templates as previously described by Gautier et al. (1994) . The Pina and Pinb probes are specific and do not crosshybridize Morris 1997,1998) . Northern-blot analysis was performed using RNA isolated from 21 days after pollination (DAP) developing corn seeds as previously described (Zhang et al. 2009 ). RNA was extracted from 21 DAP developing corn seeds using a Trizol protocol (Invitrogen, Carlsbad, CA) and analyzed by Northern-blot hybridization as previously described (Hogg et al. 2004; Zhang et al. 2009 ).
Quantitative real-time PCR (qRT-PCR)
Transgene and control gene expression in different tissues was quantified by qRT-PCR using a Dynamo SYBR green 2-step qRT-PCR kit (Finnzymes, Espoo, Finland) and a MiniOpticon RT-PCR machine (Bio-Rad, Hercules, CA), according to the manufacturer's instructions. Total RNA was prepared from 21 DAP corn germs and endosperms as well as leaves of 3 week old plants using Trizol (Invitrogen, Carlsbad, CA) as previously described (Zhang et al. 2009 ). The RNA samples were treated with RQ1 DNase (Promega, Madison, WI) and cDNA was generated using random hexamers and M-MuLV RNase H ? reverse transcriptase (Finnzymes, Espoo, Finland). The primer sequences used to detect Pina, Pinb, and the control gene Actin 1 are listed in Table 1 . Thermocycling conditions were as follows: 15 min at 95°C, then 40 cycles of 10 s at 94°C, 25 s at 56°C and 30 s at 72°C. Threshold cycle (C t ) values were automatically detected and compared between samples. The specificity and length of PCR products were verified by agarose gel electrophoresis and homogeneity was assessed via melting curve analysis using a temperature increment of 0.2°C and a hold time of 2 s between 72 and 90°C. Pina and Pinb expression levels were normalized using the Actin 1 expression level for each RNA sample. The comparative C t method (2 -DDCt ) was used for relative quantification. The fold differences presented are comparisons of homozygous positive transgenic lines and the non-transgenic (NT) parental inbred line B73. The data shown is the average of two independent replicates. PIN polyclonal antibody production and ELISA determination of PINA and PINB content PINA and PINB specific polyclonal antibodies were prepared by purifying PINA or PINB from wheat seeds by Triton X-114 (TX-114) fractionation followed by SDS PAGE gel purification. The TX-114 fractionation, SDS-PAGE gel, and antibody production protocols have each been described previously (Krishnamurthy and Giroux 2001; Giroux et al. 2003) . For enzyme-linked immunosorbent assay (ELISA), total puroindoline was extracted from 100 mg of mature whole seed meal from three transgenic corn lines, B73, and the soft wheat control (Heron) using TX-114 detergent by modifying the previously described method (Giroux et al. 2003) to include an additional round of TX-114 fractionation. Whole meal powder for each assay was created by grinding a random sample of seeds for each genotype using a Perten 3303 Laboratory Mill (Perten Instruments, Stockholm, Sweden). Extracted proteins were diluted 1/200 in coating buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 , pH 9.6) and analyzed by PINA and PINB ELISA using a Immulon 4HBX 96-well plate (Thermo Electron Corporation, Byron Medical, Waltham, MA). The ELISA plate wells were coated with 100 lL of the diluted protein samples and the plate was incubated overnight at 4°C. The wells were washed three times at RT with a phosphate buffered saline solution (PBS) containing Tween-20 (137 mM NaCl, 1.5 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 , 2.7 mM KCl, pH 7.4, 0.1% (v/v) Tween 20). 300 lL PBS containing 5% (w/v) bovine serum albumin (PBS-BSA) was added and plates were incubated for 2 h at RT. After three washes with PBS-Tween, 100 lL of a solution containing polyclonal PINA or PINB specific antiserum (diluted 1:250 in PBS-BSA) was added and plates were incubated overnight at 4°C. After three RT washes with PBS-Tween, the PIN linked antibodies were revealed by adding 100 lL of a solution containing goat anti-rabbit IgG conjugated with horseradish peroxidase (Millipore, Billerica, MA) (dilution 1:100,000 in PBS-BSA). After 2 h at RT, wells were washed eight times with PBS-Tween and then 100 lL TMB (3, 3 0 , 5, 5 0 -tetramethylbenzidine) (Pierce Chemical Co, Rockford, IL) was added and plates were incubated for 15 min at RT. Reactions were stopped by addition of 100 lL 0.18 M H 2 SO 4 and absorbance was measured at 450 nm using a SpectraMax Plus 384 spectrophotometer (Molecular Devices, Sunnyvale, CA). Sample wells were blanked against transgene negative corn protein extracts, and all measurements were performed in duplicate.
Germ recovery and total oil content
The oil content of whole seeds and germ of transgenic lines was tested by a procedure similar to that of Li et al. (2006) . Three T 3 lines in 2007 and T 4 lines in 2008 of each event were tested. Data were averages of three lines. Germ yield was measured by a small-scale wet milling method adapted from a previously published procedure (Vignaux et al. 2006) . Briefly, 10 g of kernels were steeped in 20 mL H 2 O containing 0.2% (w/v) SO 2 and 0.5% (v/v) lactic acid, pH 3.2, 50°C for 48 h. The pericarp and germ were then manually removed with forceps. Germs were dried for 2 days at 37°C using a forced air incubator and weighed. Germ yield was calculated as the ratio of the weight of germ recovered to the total weight of the sample. For oil content tests, about 25 mg of whole seed or germ meal was put in glass tubes (1 9 10 cm) fitted with Teflon-lined screw caps. The germ was milled in the glass tubes using a Teflon Ò Pestle. Then 1 mL of 5% (v/v) sulfuric acid in methanol, 25 lL of BHT (0.2% (v/v) butylated hydroxy toluene in methanol), and 300 uL of toluene were added to each tube. One hundred lg glyceryl triheptadecanoate (Sigma-Aldrich, St. Louis, MO) in 20 lg/lL hexane solution was added as an internal TAG standard for each sample to generate 17:0 fatty acid methyl esters (FAME). The mixture was vortexed for 30 s then heated at 90°C for 90 min. After cooling to RT, 1.5 mL of 0.9 % NaCl (w/v) aqueous solution and 2 mL of hexane were added and samples were mixed. After being centrifuged at 3,000 rpm for 4 min (Medilite, Thermo Electron Corporation, Byron Medical Waltham, MA), the top organic phase containing FAMEs was transferred to a new glass tube. The hexane extraction step was repeated two more times to completely extract FAMEs. Pooled extracts were evaporated under a nitrogen stream and dissolved in 400 lL hexane and analyzed using a GC-2010 dual-FID gas chromatograph (GC) (Shimadzu, Columbia, MD). One uL of each sample (1 lL) was injected into the GC using a Twin-PAL dual rail robot (LEAP Technologies, Carrboro, NC) employing two DB-23 10 m 9 0.18 mm i.d. columns (Agilent, Palo Alto, CA) using helium as the carrier gas. The GC was programmed for an initial temperature of 160°C for 1.5 min, followed by an increase of 20°C/min to 200°C and then maintained for a further 1.5 min. Fatty acid composition was analyzed using Shimadzu's GC Solution software, and oil content was calculated based on the internal 17:0 standard.
Polar lipid content
The total lipid was further analyzed for UP6 and UP8 events by quantifying total seed polar lipids. Ten Pin locus homozygous positive or negative T 4 seeds of each event were bulked and ground with a mortar and pestle in liquid N 2 . Total polar lipids were extracted from the whole meal samples as previously described (Welti et al. 2002) . Lipid samples were analyzed on an API 4000 electrospray ionization triple quadrupole mass spectrometer (Applied Biosystems, Foster City, CA) at the Kansas Lipidomics Research Center (Kansas State University, Manhattan, KS).
Immunofluorescent localization of PINs
Immunofluorescent localization of PINA and PINB was conducted according to the basic methodologies of Feiz et al. (2009b) , with the following modifications. Corn seeds from both parental and transgenic lines were cut with a scalpel longitudinally through the germ. One half of each seed sample was fixed in 2% formaldehyde, 2% glutaraldehyde in 100 mM phosphate buffer, pH 7.4 for 48 h. Fixed half seeds were dehydrated with sequential 2 h treatments in 70%, 85%, and 100% (v/v) ethanol/water. Dehydrated seed halves were imbibed in paraffin wax, 4 lm sections were made using a microtome and the sections mounted on microscope slides. Seed sections on slides were de-paraffinized using three washes (3 min each) in 100% xylene, and one final wash in 1:1 xylene:ethanol (3 min). Xylene was removed by successive 3 min washes in 100, 90, and 70% ethanol; followed by gently rinsing the slides under tap water for 10 min (Hayat 2002) . Seed sections were blocked in 5% skim milk powder in phosphate-buffered saline/0.1% Tween (PBST) overnight at 4°C. The next morning, seed sections were incubated in a 1/100 dilution of Durotest Ò mouse antipuroindoline primary antibody (R-Biopharm AG, Darmstadt, Germany) for 1 h in 2% (w/v) skim milk powder in PBST (Mohammadi et al. 2007 ). Seed sections, still adsorbed on the surface of the glass slide, were washed for 10 min 9 3 in PBST. Slide sections were incubated in a 1/2,000 dilution of goat anti-mouse Alexa Fluor Ò 488-conjugated secondary antibody (Invitrogen, Burlington, ON) for 1 h in PBST followed by three 10-min washes in PBST. Finally, the slide sections were overlaid with Prolong Gold Ò (Invitrogen) anti-fade reagent and cured at room temperature in the dark for 48 h. Bright field and fluorescent microscopy images were viewed with an Axiophot (Zeiss, Oberkochen, Germany) epifluorescent microscope and captured using a Go-3 CMOS digital camera (QImaging, Surrey, Canada). Overlay images were generated using the 'color to alpha' function of the GNU Image Manipulation Program (GIMP), version 2.6.7.
Starch and protein content
Starch content of whole seed meal was measured via a total starch assay method (American Association of Cereal Chemists 2003) using a Megazyme kit (Megazyme International, Wicklow, Ireland). Protein content (N 9 6.25) of whole seed meal was measured using a Leco FP-2000 (Leco Corp, St. Joseph, MI).
Statistical analysis
All mean values represent testing of three independently derived T 1 homozygous positive or negative lines for each event. The means of a transgene positive event was compared with its respective transgene negative events or with non-transgenic (NT) parental inbred B73 using a t test. All statistical tests were conducted using GraphPad InStat software (v. 3.06, San Diego, CA).
Results
Development of transgenic corn lines containing Pina and Pinb genes
The transgenic plants were created in Hi-II via biolistic transformation at Iowa State University. Herbicide-resistant T 0 lines having both Pina and Pinb were pollinated with pollen from inbred line B73. Resistant T 1 plants were e T 3 seedlings were tested with Pina and Pinb PCR screening and herbicide tests to obtain T 2:3 seed pools co-segregating homozygous positive or negative for the Pina, Pinb and Bar genes. PCR screening was tested on Bar positive and negative plants selfed to produce segregating T 2 progeny. The Bar marker gene segregated in a 3:1 ratio in each of the three independent lines presented here (Table 2) . T 3 plants were tested using both PCR for the Pin genes as well as herbicide resistance to identify T 2 derived lines that were homozygous positive or negative for the transgene locus. There were seven independent transgenic events generated, and three were selected for further analysis on the basis of having good vigor, fertility and being expression positive for both Pina and Pinb (results not shown). The three selected homozygous T 3 events each carrying pBAR184, pUbiPina and pUbiPinb were designated UP6, UP8 and UP9. All the seeds analyzed were taken from the central cob region of the ears, and all seeds were equilibrated to the same moisture content. Southern-blot analysis was used to confirm that each line resulted from an independent transformation event. Total genomic DNA was isolated from seedlings and restriction digested with HindIII which cuts once within the pUbiPina and pUbiPinb constructs and not within the Pina and Pinb coding sequences used as hybridization probes. The banding pattern was unique for each transgenic line, indicating that each arose from an independent integration event ( Fig. 1) .
Pina and Pinb tissue-specific expression levels
Total RNA was extracted from 21 DAP immature seeds of transgenic lines and control genotypes and analyzed by probing RNA gel blots with Pina and Pinb specific probes (Fig. 2) . RNA extracted from developing seeds of the soft wheat control variety Heron was used for quantification of signal intensity. No Pina or Pinb transcripts were detected in non transgenic (NT) control corn inbred B73 Pina and Pinb RNA expression levels of in transgenic lines were much less than that of the soft wheat control with Pin expression levels in UP8 and UP9 approximately 1-2% that of the soft wheat control variety Heron. UP6 was omitted here, but was analyzed by quantitative real-time PCR (qRT-PCR) along with UP8 and UP9. The size of the Pina and Pinb transcripts in the UP events (*700 bp for both Pina and Pinb) was the same as in the positive control Heron. Fig. 1 Southern-blot analysis for three transgenic lines. Genomic DNA isolated from homozygous T 3 seedlings was digested with HindI. NT denotes non transgenic (NT) control inbred line B73. The 32 P-labeled DNA coding sequence of Pina or Pinb was used as a probe for hybridization. The position of DNA molecular size markers is indicated Fig. 2 Northern analysis of Pina and Pinb expression in transgenic corn seeds. NT denotes non transgenic (NT) control inbred line B73. Soft wheat cultivar Heron was used as a positive control and RNA of Heron was loaded in a series of increasing amounts to account for varying signal intensities among transformed lines. The control was exposed to 4 h and the transgenic lines were exposed for 1 week. A duplicate ethidium bromide stained agarose gel shows discrete bands of rRNA fractionated, indicating a similar loading from lane to lane and a lack of RNA degradation The Pina and Pinb expression in immature embryo, endosperm and leaves of transgenic lines was determined by qRT-PCR (Fig. 3) . PCR efficiencies of Actin 1 and Pins genes were approximately equal, and ranged from 85 to 115%. Coefficients of correlation (R 2 ) to evaluate the quality of the standard curve for reference and target genes were between 0.96 and 0.99. No Pin transcripts were detected in non transgenic (NT) control inbred B73. The highest expression levels observed among the PIN transgenic tissues was for Pina in UP8 and UP9 endosperms. The lowest expression level was for Pina in UP6 endosperm. The Pinb expression pattern was similar to Pina for UP8 and UP9 but in UP6 Pinb was expressed at a much high level than Pina. Expression levels in germ, endosperm and leaf were compared. Endosperm had the highest expression levels compared to germ and leaves. The Pina expression levels in germs were the lowest among the different tissues while Pinb expression levels were similar in germ and leaves. Since the comparative C t method (2 -DDCt ) was used for relative quantification, the relative differences are comparisons of homozygous positive transgenic lines and non-transgenic controls inbred B73 Heron doesn't have the corn Actin 1 gene. However, the expression level of Pina and Pinb in developing seeds of Heron was 50-1,000 times greater than that in the transgenic corn seeds (data not shown).
ELISA was performed to quantify PINA and PINB in the transgenic corn seeds. Mature homozygous transgene positive or negative control seeds along with seeds of the soft wheat cultivar Heron were analyzed by ELISA for the presence of PINA and PINB (Fig. 4) . The soft wheat Heron, which contains both PINA and PINB, consistently gave strong ELISA reactions for both PINs. All three transgenic events were ELISA positive for both PINA and PINB (Fig. 4) . Seeds from UP8 gave the strongest ELISA reactions among the three events for both PINA and PINB while the PINA level in UP6 was lowest among all events. The PINA and PINB levels in the transgenic corn lines were roughly 1/100-1/1000 of Heron PINA and PINB levels.
Puroindolines increase germ recovery and oil content without modifying seed size Data for kernel weight, protein, and starch content are presented in Table 3 . Kernel weight, protein, and starch content among the transgene positive lines and their corresponding negative control were similar for UP8 and UP6 (P [ 0.05). However, UP9 had reduced kernel weight relative to its control lines (0.236 vs 0.275 g, P \ 0.05) and tended to have higher protein and reduced starch content though the differences observed were not significant (P [ 0.05). Germ recovery (germ weight as a percent of seed weight) along with germ and whole seed oil content for the three events is shown in Table 4 . Germ recovery was increased significantly in each of the three transgenic lines relative to their respective controls (P \ 0.01). The relative increase in germ recovery ranged from 22.62% (UP6, 9.54 vs 7.78 %) to 42.26% (UP9, 12.22 vs 8.59%) with the three events averaging a 33.77% increase. Germ oil content was not significantly different for both UP8 and UP9 (P [ 0.05) but was for UP6 in which the transgene positive genotypes had higher germ oil content than their negative controls (33.62 vs 30.65 %). Seed oil content was significantly higher for all three events (P \ 0.001). The oil content of non-transgenic control inbred line B73 was 3.54%, similar to the transgene negative controls (3.79%). The relative increases in seed oil content for UP6. UP8, UP9 were 25.70, 25.51, and 24.47%, respectively. Germ fatty acid composition of transgenic and control lines was quantified by gas chromatograph (GC) ( Table 5) . Stearic, and oleic acids increased while linoleic acid decreased in UP6 (stearic, and oleic acids increased by 41.06% and 31.31%, respectively, while linoleic acid decreased by 11.86%). The same trend was apparent in UP8 in 2007 (data not shown), but did not reach statistical significance over 2 years while the fatty acid composition of UP9 was Germ yield was determined by a wet milling process and was calculated as the ratio of the weight of germ recovered to the total weight of the sample (Vignaux et al. 2006) c Germ oil content was determined by GC analysis using 17:0 TAG as an internal standard for each sample. It was calculated as the ratio of the total oil content to the weight of germ d Seed oil content was calculated as the ratio of the oil content to the weight of whole seed meal The values presented are the average of the percentage of the fatty acid of each event over 2 years *, ** denote significance at P \ 0.05, 0.01, respectively, in comparisons of homozygous positive (?/?) transgenic lines and the corresponding homozygous negative (-/-) lines. NT denotes non transgenic (NT) control inbred line B73 a The values ?/-standard deviations presented are the average of the percentage of the total fatty acid of each event over two growing seasons relatively unaltered. The lipid profile of the mature seeds of two events (UP6 and UP8) was analyzed and is shown in Table 6 . Only total LysoPC was different between the transgenic positive and negative lines (47.27% increase for UP6 and 24.63% increase for UP8).
The bright field micrographs of embryos show that the overall cellular shape of oil bodies remained unaltered between the transgenic line and non transgenic control (Figs. 5a, 6a) . The overall size of the oil bodies between the UP8 and B73 germs was similar. However, the numbers of oil bodies increased in the transgenic lines (Figs. 5e, 6e) , and occupied most of the cell in the transgenic embryos. The corresponding immunofluorescent micrographs show the localization of PINs in UP8 endosperm (Fig 6d, f) . PINs localized to the surface of starch granules in endosperm (Fig 6f) . However, no PINs were detected in the germ by immunofluorescent analysis even though expression of Pina and Pinb in the germ were confirmed by qRT-PCR (Fig 3) .
Discussion
Approximately 84% of corn seed oil is located in the germ (Watson 1984) and therefore corn seed oil content is primarily determined by germ oil content and size. Our experiments indicate that both germ size and oil content were increased via the constitutive expression of puroindolines (Table 4) . No increase in germ size or oil content was seen in transgenic corn where puroindolines were expressed under the control of a c-Zein endosperm-specific promoter (data not shown, Zhang et al. 2009 ). Therefore, the germ size increase we observed here was likely due to the ectopic expression of Pin genes in tissues other than the endosperm. The germ oil concentration of the transgenic lines was similar to that of the negative controls (P [ 0.05), except in UP6, which had higher germ oil content than the negative control (33.62% vs 30.65%, P \ 0.05) ( Table 4 ). These results suggest that total oil content in transgenic corn was increased by increasing germ size, not by increasing germ oil content. In contrast, the key corn oil QTL identified by Zheng et al. (2008) controls germ oil concentration and seed oil content, but not germ size. Recurrent selection for increased oil content is typically associated with reduced seed size and agronomic yield (Laurie et al. 2004 ; Alexander 1988b) whereas we did not observe consistently reduced seed size in our PIN transgenic corn. The typical fatty acid composition of dent corn oil includes 11.0% palmitic, 2.0% stearic, 24.1% oleic, 61.9% linoleic, 0.7% linolenic and other fatty acids (White et al. 2007 ). Oil content increases in corn are associated with decreased linoleic acid and increased oleic and saturated acid content (Sniegowski and Baldwin 1954) . Increased oleic acid and decreased linoleic acid was also found in the IHO 9 B73 (Wassom et al. 2008 ) and the ASKC28IB1 (ASK cycle 28 inbred 1) 9 PH09B (normaloil inbred line) populations . Increased stearic, oleic, and decreased linoleic acid was indeed (Table 5) .
Our results indicate that cereal seed oil content can be increased by puroindoline expression. However, the mechanism of the increase is not clear. PINs were not detected by immunofluorescent analysis in the germ (Fig. 6e) . Post-transcriptional and/or post-translational regulation may have occurred rendering the level of PINs in the germ to be too low to be detected by immunofluorescent analysis or the mechanism may involve expression in tissues outside of the embryo. Fatty acids are generally stored in oil bodies and oleosins are the major proteins associated with oil bodies. The importance of the central hydrophobic domain of oleosins for their correct insertion into lipid bodies was addressed by Van Rooijen and Moloney 1995) . The tryptophan-rich domain of PINs has a high affinity for binding to lipids (Kooijman et al. 1997; Wall et al. 2010) . Ting et al. (1996) found oleosins are constitutively expressed independent of oil content with high oil corn having larger and more spherical oil bodies relative to low oil content corn. In our transgenic lines, the size of the oil bodies was not significantly different between the seeds expressing PIN and the controls while oil body number was increased (Figs. 5, 6) , suggesting that PINs function to increase oil content differently than oleosins.
The increased germ size observed here is likely specific to PIN expression in tissues outside of the endosperm given that Zhang et al. (2009) expressed PINs in the endosperm of transgenic corn using the c-Zein promoter and did not observe any alteration in embryo size or seed oil content. Even though the oil content differences were seen in each of the three transgenic events studied here, it remains possible that explanations other than PINs are responsible for the increased germ size. While seemingly unlikely, it is possible that the insertion site effects are causatory and that the UP events studied have alterations in the expression levels of genes determining germ or oil-content characteristics. Insertion site characterization , along with global microarray profiling could be used to screen for unintended effects. The use of such techniques has aided in the determination of the ''substantial equivalence'' of a transgenic plant to its non-transgenic counterpart (Abdeen et al. 2010) , and may confirm that PIN expression alone results in increased germ size and seed oil content. Compared with previous studies where the goal was to increase or modify oil content via manipulation of the oil biosynthetic pathway , our work may yield a new method to increase the seed oil content. The results obtained here should be first validated in other crops. We predict that overexpression of PINs may be useful in increasing oil content of cereal crops via increasing germ size and of oilseed crops by increasing cotyledon size.
